Introduction
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Plasmodium falciparum, the most virulent human malaria parasite is responsible for approximately 214 29 million new cases and estimated 438000 deaths world-wide per year1. Falciparum infection presents widely 30 different clinical outcomes varying from flu like symptoms to coma and death2,3,4. The parasite evades the 31 host immune response by residing within a vacuole surrounded by two-membranes; the parasite plasma 32 membrane (PPM) and the parasitophorous vacuolar membrane (PVM). PVM is formed during invasion of the 33 host RBC which involves various molecular steps that allow the parasite to enter the host RBC and be 1 34 encapsulated within the two membranes. PVM is the only mode of contact of the parasite with the host cell 35 and hence to gain access to the host RBC, parasite must remodel the host to import nutrients, dispose waste 36 products, and export proteins across it. PVM is thus considered as the primary site of host-parasite 37 interactions, playing a key role in survival and propagation of the intracellular parasites. PVM resident 38 proteins considered as ideal targets for novel anti-malarial intervention strategies include the exported 39 protein 1 (EXP1), components of Plasmodium translocon of exported proteins (PTEX) and some of the 40 ETRAMP family members5,6,7,8. The functions of majority of these proteins remain unknown. ETRAMPs are 41 single pass transmembrane proteins and were first identified using a ring stage-specific cDNA library9, which 42 further led to the identification of other ETRAMPs in Plasmodium falciparum10. A total of fourteen ETRAMPS 43 are reported to be present in Plasmodium falciparum. Six of the members, belong to a coherent group 44 transcribed exclusively in the ring stage which are replaced by next set of ETRAMPs expressed during the 45 transition of the parasite from ring to trophozoite and to schizont stages, thus exhibiting a developmental 46 regulation, fulfilling the needs of various stages. It is reported that some members of this family translocate 47 beyond the PVM to host erythrocytes during intra erythrocytic development of the parasite10. All the members 48 of ETRAMP family are encoded by a single exon and have a conserved structure with an N-terminal signal 49 peptide, a short lysine rich domain followed by a transmembranedomain (TM), and a highly charged variable 50 C-terminal domain. The presence of ETRAMP homologs in other Plasmodium species indicates that this 51 family is involved in tasks common to all Plasmodia11.
52
ETRAMPs are unevenly distributed as complexes of oligomeric arrays in PVM and display dynamic change 53 with parasite development11.Though, ETRAMPs were identified a decade ago, the functions of this family 54 still remain unknown. However, many studies have proposed functions for ETRAMPs based on their 55 location in PVM such as, junction formation between tubovesicular network (TVN) and the RBC membrane 56 to obtain nutrients, vesicular transport processes at PVM or stabilizing PVM10. A P. berghei ETRAMP family 57 member, SEP2 which is abundantly expressed in gametocytes as well as in mosquito and liver stages is 58 important in gliding motility of sporozoites thereby accounting as a promising transmission-blocking 59 candidate12. Furthermore, P.yoelii and P. bergheiUIS genes, UIS4 and UIS3, specifically expressed in 60 sporozoites, are ETRAMP orthologs. UIS3, the predicted ortholog of ETRAMP13 binds to host hepatocyte 61 liver fatty-acid binding protein (L-FABP) and this interaction could be important for parasite growth and 62 appears to be conserved in P. falciparum13,14. Knockout of UIS4 gene, the predicted ortholog of 63 ETRAMP10.3 could not complete the liver stage development in P.yoelii indicating that PfETRAMP 10.3 is 64 essential for blood stage survival15. Further, ETRAMP5 expressed in PVM of liver stages specifically 65 interacts with human apolipoproteins Apo1, ApoB and ApoE in the yeast two-hybrid assay16 suggesting that 66
ETRAMPs may be vital in direct host-parasite interactions and play significant role in parasite survival.
67
Several major advances have been made in the recent past that have significantly advanced our 68 understanding of protein export processesindicating that the fate of proteins which are destined for export is 69 already decided within the parasite's endoplasmic reticulum and involves a pentameric motif (RxLxE/Q/D) 70 called the 'PEXEL' motif, which is recognized and cleaved by the aspartic protease 71 plasmepsinV17,18,19,20,21,22 .The protein export machinerythe Plasmodium Translocon of Exported proteins 2 72 (PTEX) is responsible for the passage of proteins across the PVM23 to the host RBC cytosol. PTEX 73 comprises of heat shock protein HSP101, (a ClpA/B-like ATPase from the AAA1 superfamily commonly 74 associated with protein translocons), a novel protein PTEX150 and the parasite exported protein 2 (EXP2).
75
EXP2 is the potential membrane-associated channel that forms the core of PTEX complex. PTEX88 and 76 thioredoxin 2 (TRX2) are other components of the PTEX. This protein trafficking machinery serves as a 77 common portal for proteins involved in virulence and survival of the parasite. Plasmodium falciparum 78 erythrocyte membrane protein (PfEMP1) is a virulent protein, encoded by the var gene family, exhibiting 79 antigenic variation to evade host immune response and is a central player in pathogenicity of P.falciparum.
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In our literature survey, we identified that interaction studies of ETRAMP membershave not been carried 81 out till date but there are many proposals on their functions such as they may interact with structural 82 proteins to fix PVM in the RBCs or could interact with soluble proteins in parasite cytoplasm to act as 83 carriers to ferry proteins out of the parasites10 . In this study, we carried out in vivo differential gene 84 expression analysis of parasites isolated from infected severe and mild malaria patient's blood samples.
85
Interestingly we observed that one of the ETRAMP family member, ETRAMP14.1 was maximally 86 expressed. In our endeavor to decipher the role of ETRAMP14.1, we employed co -immunoprecipitation,
87
LC-MS/MS and Western analysis. We show that ETRAMP14.1 interacts with PfEMP1, PVM proteins,
88
translocon components and other ETRAMP members. Importantly, the interacting partners were also found 89 to be present in the protein-interaction network reconstructed on in vivo differential gene expression data The full-length ETRAMP14.1 with His-tag at C-terminus was cloned, expressed and purified using Ni-NTA 309 affinity chromatography to generate antibodies in rabbits ( Fig S1) . The raised antibodies were checked for 310 their specificity by Western blot analysis with the recombinant protein as well as the P.falciparum lysate,
311
which showed bands at ~20kDa and ~14kDa respectively ( Fig 1A) . The identity of the protein picked up by 312 the specific antibodies was confirmed by LC-MS/MS as shown in Fig 1B, with a 51 .4% coverage.
313
ETRAMP14.1 is expressed in all the intraerythrocytic stages of P.falciparum 314 ETRAMP family of proteins exhibit differential gene expression throughout the life cycle of the parasite.
315
Hence, to understand the transcription and translation pattern of ETRAMP14.1 at different parasite stages, 316 real-time PCR and Western analysis were performed. RNA isolated from rings, early trophozoites, mature 317 trophozoites and schizonts was used for RT-PCR with seryltRNA synthetase as normalization control. The 318 results show that ETRAMP14.1 is maximally expressed in rings (~30fold increase compared to mature 319 trophozoites, which show lowest expression) whereas the early trophozoites and schizonts show ~10 fold 320 and ~5fold increase respectively as compared to mature trophozoites (Fig 2A) . We next checked the 321 protein expression levels at different developmental stages while ETRAMP14.1 shows maximum 322 expression in early trophozoites as compared to rings, its expression is lowest in mature trophozoites (Fig   323  2B) . To determine localization of ETRAMP14.1 in different intraerythrocytic stages, synchronized cultures 324 were used for the immunofluorescence assay. ETRAMP14.1 is found to localize to the parasite periphery at 325 PVM/PPM. Strong peripheral signal was seen in rings and early trophozoites as compared to mature 326 trophozoites in which the signal is slightly decreased showing few puncta. Its expression is again increased 327 in the late schizonts showing segmented merozoites. We also observed ETRAMP14.1 expression in 9 328 mature gametocytes ( Fig 2C) . with the membrane fraction ( Fig 3A) . In order to determine the exact localization of ETRAMP14.1, 334 colocalization studies were performed with PVM markers, PTEX150 and HSP101, the components of 335 PTEX. Complete overlap between the ETRAMP14.1 with PTEX150 ( Fig 3B) and HSP101 ( Fig 3C) at 336 different intraerythrocytic stages of the parasite was found confirming the localization of ETRAMP14.1 at 337 PVM. Furthermore, its PVM localization was confirmed by selective permeabilization. IFA was performed 338 after treatment with Streptolysin O (SLO) which permeabilizes only RBC membrane but not PVM and PPM
339
(antibodies have access to only PVM but not to PPM). Only SLO treated parasites showed ETRAMP14.1 340 signal which was concentrated at specific sites suggesting ETRAMP14.1 forms discrete domains at PVM 341 ( Fig 3D) , NUP100 did not show any signal in SLO treated parasites which proves SLO permeabilizes only
342
RBC membrane with no access to nuclear periphery. In positive control, NUP100 showed signal at the 343 nuclear periphery when iRBCs were treated with TritonX-100 which permeabilizes all the membranes (Fig   344  S2) . ETRAMPs have unique C-terminus region and is speculated to be required for PVM localization8 . C-345
terminus deletion mutant of ETRAMP14.1 generated in our transfection studies suggests that C-terminus is 346 not required for PVM localization (data not shown). IFA was also performed with E. coli cultures expressing 347 all the three recombinant forms i.e.,; full length (E14.1FT), transmembrane domain (E14.1TM) mutant and 348 C-terminus (E14.1CT) deletion mutant as shown in Fig S3. All of them showed membrane localization 349 suggesting that ETRAMP14.1 can self-associate in membrane without the aid of other Plasmodium 350 proteins.
351
IP-LC-MS/MS analysis reveals interaction of ETRAMP14.1 with PfEMP1 andits other interacting
352 partners
353
In an attempt to identify the interacting partners of ETRAMP14.1, which might help in understanding its 354 functions, immunoprecipitation of the total parasite lysate with ETRAMP14.1 antibodie was carried out 355 ( Figure 4A ). IP-LC-MS/MS analysis identified a total of 12 proteins ( Figure 4B ) which includes Hsp70-1,
356
EXP-2, PHISTc, 14-3-3 and PfEMP1. PfHsp70-1 was detected in IP at 1% FDR with one unique peptide 357 where as 14 of its peptides were identified at 5% FDR. EXP2 was identified with one unique peptide 358 SHTLYTHITPDAVPQLPK at 1% FDR whereas three other unique peptides were detected at 5% FDR.
359
Similarly, PfEMP1 was detected with one unique peptide (AITCHVVSGNNYFR) at 1% FDR and 3 other 360 peptides (AITCHVVSGNNYFR, IRTIDDDLIK, EYWWNANR) at 5%FDR. Other proteins found in LC-MS/MS 361 analysis are listed in Figure 5C . Refer PRIDE ID 58557 for full data. The results obtained in LC-MS/MS 362 analyses were validated by probing Western blots of immunoprecipitated complex (pulled down with anti-
363
ETRAMP14.1 antibodies) with anti-Hsp70-1 and anti-PfEMP1 antibodies (Figure 5A & 5B) . Both the 364 proteins gave signals at the expected molecular weight of 73kDa and 250kDa respectively. These results 365 further confirm the association of ETRAMP14.1 with the chaperone Hsp70-1 and PfEMP1.
366
Reconstructed protein-interaction network shows PfEMP1, a PTEX protein and few other ETRAMP 367 members as its interacting partners corroborating the in-vitro results.
368
As, the in vitro proteomic analyses show PfEMP1 and EXP2 (a PTEX component) as interacting partners of 369
PfETRAMP14.1, we were fascinated to know whether these interactions are a true reflection of the in vivo 370 scenario. For this, array analyses were carried out on parasite RNA isolated from peripheral blood samples 371 of 11 severe malaria (HP, high parasitemia) and 4 mild malaria (LP, low parasitemia) patients. We found 372 468 and 491 genes to be up-regulated in HP and LP samples respectively with upregulation of 241 genes 373 in common. The 25 most commonly upregulated genes in severe malaria are represented in the bar graph 374 ( Figure 6A ). Genes such as PfEMP1, PHISTc, ETRAMP14.1, ETRAMP5, ETRAMP11.2, ETRAMP10.1,
375
PTP6, TRX2, and 14-3-3 are upregulated in high parasitemia samples as shown in Figure 6A (subpanel).
376
Among these genes, interestingly, ETRAMP14.1 is maximally expressed (~40fold upregulation) in vivo in Figure S4 ). A 382 subnetwork showed direct interactions of ETRAMP14.1 with selected genes such as PfEMP1,
383
ETRAMP11.2, ETRAMP10.1, TRX2, PTP6, Plasmepsin VII and 14-3-3 ( Figure 6B ). Thus, it is clear that 384
PfETRAMP14.1 does interact with PfEMP1 and translocon machinery. Large network clusters around 385 ETRAMP14.1 are shown in Figure S4 . selective permeabilization studies and its potential interaction with parasite proteins such as EXP2,
391
PfHsp70-1, TRX2, PfEMP1 and other ETRAMP members are represented in Figure 7 . We speculate that 
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It is worth mentioning that in our proteomic analyses, PHISTc was also detected as one of the interacting 435 partners of ETRAMP14.1. The central flexible segment of ATS of PfEMP1 is known to associate with PHISTc (PFI1780w) required for cytoadherence of PfEMP129 and this could be the reason for co-437 immunoprecipitation of PHISTc with PfEMP1. Altogether, this study reveals the participation of an 438 ETRAMP14.1 in trafficking the major virulent protein, PfEMP1 to the surface of host RBC in association 439 with translocon components EXP2 and TRX2; the chaperone HSP70-1 and other ETRAMP members to 440 perform its functions. Hence we speculate that ETRAMP14.1 possibly requires the chaperone Hsp70-1 for 441 proper folding during its export to PVM and facilitates the export of PfEMP1 /other parasite proteins from 442 PVM via the translocon machinery to the host RBC surface. Understanding the mechanism of assembly 443 and various functions of this fascinating family of ETRAMPs will pave way for dissecting trafficking of 'Var' 444 antigens to host cell surface and also in developing novel antimalarials. 
